Osteopontin (OPN) is a secreted phosphoglycoprotein that has been linked to tumor progression and survival in several solid tumors, including head and neck cancers. Previous studies showed that OPN expression is induced by tumor hypoxia, and its plasma levels can serve as a surrogate marker for tumor hypoxia and treatment outcome in head and neck cancer patients. In this study, we investigate the transcriptional mechanism by which hypoxia enhances OPN expression. We found that OPN is induced in head and neck squamous cell carcinoma (HNSCC) cell lines and in NIH3T3 cells by hypoxia at both mRNA and protein levels in a time-dependent manner. Actinomycin D chase experiments showed that hypoxic induction of OPN was not due to increased mRNA stability. Deletion analyses of the mouse OPN promoter regions indicated that a ras-activated enhancer (RAE) located at À731 to À712 relative to the transcription start site was essential for hypoxia-enhanced OPN transcription. Using electrophoretic mobility shift assays with the RAE DNA sequence, we found that hypoxia induced sequence-specific DNA-binding complexes. Furthermore, hypoxia and ras exposure resulted in an additive induction of OPN protein and mRNA levels that appeared to be mediated by the RAE. Induction of OPN through the RAE element by hypoxia is mediated by an Akt-kinase signaled pathway as decreasing Akt levels with dominant negative constructs resulted in inhibition of OPN induction by hypoxia. Taken together, these results have identified a new hypoxia responsive transcriptional enhancer that is regulated by Akt signaling.
Osteopontin (OPN) is a secreted phosphoglycoprotein that has been linked to tumor progression and survival in several solid tumors, including head and neck cancers. Previous studies showed that OPN expression is induced by tumor hypoxia, and its plasma levels can serve as a surrogate marker for tumor hypoxia and treatment outcome in head and neck cancer patients. In this study, we investigate the transcriptional mechanism by which hypoxia enhances OPN expression. We found that OPN is induced in head and neck squamous cell carcinoma (HNSCC) cell lines and in NIH3T3 cells by hypoxia at both mRNA and protein levels in a time-dependent manner. Actinomycin D chase experiments showed that hypoxic induction of OPN was not due to increased mRNA stability. Deletion analyses of the mouse OPN promoter regions indicated that a ras-activated enhancer (RAE) located at À731 to À712 relative to the transcription start site was essential for hypoxia-enhanced OPN transcription. Using electrophoretic mobility shift assays with the RAE DNA sequence, we found that hypoxia induced sequence-specific DNA-binding complexes. Furthermore, hypoxia and ras exposure resulted in an additive induction of OPN protein and mRNA levels that appeared to be mediated by the RAE. Induction of OPN through the RAE element by hypoxia is mediated by an Akt-kinase signaled pathway as decreasing Akt levels with dominant negative constructs resulted in inhibition of OPN induction by hypoxia. Taken together, these results have identified a new hypoxia responsive transcriptional enhancer that is regulated by Akt signaling. Keywords: Akt; hypoxia; osteopontin; ras; regulation Hypoxia is a common feature in solid tumors (Vaupel et al., 2001) . It is an important microenvironmental factor that decreases the effectiveness of conventional chemotherapy and radiotherapy (Brown and Giaccia, 1998) , increases malignant tumor progression (Teicher et al., 1990; Young and Hill, 1990; Graeber et al., 1996) , enhances tumor cell invasion and metastasis (Le et al., 2004) , and is prognostic for tumor control by conventional treatment modalities (Brizel et al., 1996; Hockel et al., 1996) . Accordingly, identification of molecular effectors of hypoxia will permit the development of molecular targeted therapies that is critical for improved therapeutic management of cancer patients . The cellular response to hypoxia involves a series of metabolic and biosynthetic events that are essential for adaptation to a hypoxic environment, including the induction of a number of physiologically important genes (Koong et al., 2000; Zhu et al., 2002b; Denko et al., 2003; Semenza, 2003) . These include genes involved in metabolism, angiogenesis, cell cycle regulation, tissue invasion, and apoptosis, many of which are regulated by the hypoxia inducible factor-1a (HIF-1a) (Harris, 2002; Denko et al., 2003) . Recent studies have also shown that osteopontin (OPN) is also a hypoxia inducible gene (Sodhi et al., 2001; Le et al., 2003) .
OPN is a highly phosphorylated and glycosylated protein secreted into the extracellular matrix by a variety of cell types, including osteoblasts, epithelial cells, endothelial cells, macrophages, and smooth muscle cells (Denhardt et al., 2001a, b) . OPN has been shown to be multifunctional, with activities in cell migration, cell survival, inhibition of calcification, regulation of immune cell function, and tumor cell metastasis Weber and Cantor, 1996; Liaw et al., 1998) . Increased levels of OPN protein have been linked to many disease states including atherosclerosis, transformation, tumor metastasis (Denhardt et al., 2001a; Furger et al., 2001) , and renal diseases (Xie et al., 2001) . Previous studies from this laboratory have identified a link between OPN expression and tumor hypoxia in several cancer cell lines. We also found that elevated plasma OPN levels correlated with tumor hypoxia and poor treatment outcomes in head and neck cancer patients (Le et al., 2003) . However, the mechanism governing the induction of OPN by hypoxia has yet to be elucidated.
The regulation of OPN expression under normoxic conditions may differ in different cell types. While the OPN promoter contains various motifs including a purine-rich sequence, an ets-like sequence, glucocorticoid-, vitamin D-, and 12-O-tetradecanoylphorbol-13-acetate (TPA)-response elements (Craig et al., 1989; Noda et al., 1990; Denhardt and Guo, 1993; Koszewski et al., 1996) , it does not possess any known hypoxic response elements. Guo et al. (1995) identified a 9-nucleotide region, GGAGGCAGG, which bound a protein whose apparent abundance was enhanced in metastatic cell lines and in ras-transformed NIH-3T3 cells relative to non-transformed cells. This sequence was termed ras-activated enhancer (RAE). However, isolation of this RAE-binding protein (s) has been elusive.
To investigate the molecular mechanism by which hypoxia promotes transcriptional regulation of the mouse OPN gene, we evaluated hypoxic regulation of OPN expression in NIH-3T3 cells and performed a detailed analysis of the mouse OPN promoter region in these cells. We found that the RAE is essential for hypoxic induction of OPN transcription. Furthermore, we investigated the hypoxic regulation of OPN in cells that overexpress activated H-ras and or its dominant negative constructs. The results of these studies indicate that the hypoxic induction of OPN is mediated through the RAE elements and is enhanced in ras transformed cell. In addition, hypoxic regulation of OPN appeared to be mediated via the Akt protein. Taken together, these studies suggest a mechanism for hypoxic induction of OPN expression that involves the ATK protein and the RAE element.
Results

Hypoxia up-regulates OPN in HNSCC and in NIH-3T3 cells
To determine whether hypoxia regulates OPN expression in head and neck squamous cell carcinoma (HNSCC) cell lines (SCC4 and SCC22B), cells were exposed to hypoxia for 0 or 24 h. Real-time polymerase chain reaction (PCR) showed that OPN mRNA was induced about threefold at 24 h of hypoxia exposure in SCC4 and SCC22B cells (Figure 1a ). Immunoblot analysis showed that OPN protein was induced by hypoxia in a time-dependent manner in SCC22B cells (Figure 1b) . Similarly, OPN mRNA was induced in a time-dependent manner in NIH-3T3 cells. Induction of OPN mRNA was first observed at 8 h of hypoxia exposure and reached the highest level (threefold increase) at 24 h (Figure 2a ). This observation was validated by Northern blot analysis (Figure 2b ), in which total RNA from NIH-3T3 cells treated with 1a, 25-dihydroxyvitamin D3 (10 nM), was used as a positive control (Noda et al., 1990; Koszewski et al., 1996) . Immunoblot studies showed that OPN protein was increased by hypoxia in a similar time sequence as observed for OPN mRNA (Figure 2c ) in NIH-3T3 cells. Taken together, these data indicated that OPN is a hypoxia responsive gene in human HNSCC cells and in NIH-3T3 cells.
Hypoxic induction of OPN mRNA is not through increased mRNA stability
To further clarify whether hypoxic induction of OPN mRNA is a result of enhanced gene transcription or mRNA stability, we examined the rate of OPN mRNA decay following inhibition of RNA polymerase IIdependent transcription by actinomycin D (Harrold et al., 1991) . NIH-3T3 cells were exposed to normoxia or hypoxia for 16 h and were then treated with actinomycin D to arrest transcription. Cells were harvested at distinct time points over a 6 h period and OPN mRNA levels were analysed by real-time RT-PCR. Estimated half-lives for OPN mRNA obtained from three independent experiments were as follows: under normoxia, 3.9470.21 h; after 16 h hypoxia treatment, 4.1170.26 h (P>0.05) (Figure 2d ). Thereby, hypoxia did not significantly prolong the half-life of OPN mRNA. These results suggested that the increase in OPN mRNA levels in NIH-3T3 cells by hypoxia is mediated via transcriptional induction rather than via an increase in mRNA stability.
Identification of a hypoxia responsive region in the OPN promoter
To gain insight into hypoxia regulation of OPN transcription, we transiently transfected luciferase reporter constructs containing 0.168-0.962 kb of OPN upstream sequence ranging from À882 to þ 79 (Figure 3a) , as described previously (Guo et al., 1995) , and analysed the activity of each promoter fragment under either normoxia or hypoxia. The construct p6, spanning the À777 to þ 79 region, showed the highest level of activity in response to hypoxia (2.93-fold increase relative to normoxia) ( Figure 3b ). Constructs p1-p5 and p7 were all capable of stimulating moderate expression of the reporter gene under hypoxia due to the presence of an AP-1 element in the basal promoter segment (construct p1, À88/ þ 79) (Guo et al., 1995) . This AP-1 activity may account for the small increase in the luciferase activity in constructs p1Àp5 under hypoxia (Ausserer et al., 1994) . Extension of the promoter fragment up to À882 (construct p7) resulted in a decrease in the transcriptional activity under both normoxia and hypoxia when compared to that of construct p6, suggesting the presence of a repressor element. Overall, these promoter analyses suggest that a 177 base-pair DNA fragment located at À777 to À600
relative to the transcription start site is the essential promoter element for hypoxia-enhanced OPN expression. Interestingly, construct p3 showed high activity both under normoxic and hypoxic conditions, an observation not previously noted by Guo et al. (1995) who used b-galactosidase-based reporter constructs. The reasons for this difference between the two studies are unknown; however, we also observed similar elevated activity both under normoxia and hypoxia for construct p3 in a different cell line (bEND3 cells, data not shown).
RAE is required for hypoxia induction of OPN transcription in NIH-3T3 cells
Within the 177 bp segment, there are several potential binding sites for transcription factors, including VDRE (vitamin D 3 responsive element), AP-1, AP-3, AP5, CRE, and an RAE (Hijiya et al., 1994; Guo et al., 1995) . To define the binding site(s) that is crucial for hypoxia induction of OPN, variant fragments of this segment and the RAE (À740 to À712) were inserted into the p1 construct ( Figure 4a ). Luciferase activity assays using the derived reporter constructs and the p1 construct showed that the RAE-containing constructs (A, B, and D) had a higher fold of hypoxic induction relative to normoxia (2.5À2.8-fold increase, Po0.01), especially when compared to nonRAE-containing constructs (C and p1, 1.3À1.7-fold increase, P>0.05, Figure 4b ). To confirm the involvement of the RAE in hypoxic regulation of OPN, whole cell extracts from NIH-3T3 cells that were treated for 24 h in either hypoxia or normoxia were analysed by EMSA using 32 P-labeled oligonucleotide probes containing the RAE binding sequence (À731 to À712). In addition, since the RAE was previously identified to be ras-activated (Guo et al., 1995) , extracts from T24 H-ras-transformed 3T3 cells (PAP2) and ras-v12 transiently transfected NIH-3T3 cells were used as positive controls ( Figure 5, lanes 3 and  4) . Two major and four minor complexes were detected, of which complex B appeared to be Ras-and hypoxiaspecific ( Figure 5b ; lanes 1-4). Binding specificity in complex B was demonstrated by a gradual reduction and elimination of the band intensity in the presence of increasing concentrations of unlabeled wild-type RAE oligonucleotides (Figure 5b , lane 5, 50-fold excess; lane 6, 100-fold excess; lane 7, 200-fold excess), whereas it is minimally affected by the addition of 100-fold excess of unlabeled mutant competitors (lanes 8-11). In addition, complex B failed to form when a 32 P labeled mutant RAE probe was incubated with 10-fold excess of unlabeled wild-type RAE oligonucleotides (Figure 5c , lane 13). These data suggest that the RAE binding site interacts with certain protein (s) under hypoxia and in ras-transformed cells to form complex B and this interaction is important for hypoxic upregulation of OPN expression.
Relationship between hypoxia and ras regulation of OPN expression
The expression of OPN correlates with the extent of ras activation Chambers et al., 1992) . To investigate the relationship between hypoxia and ras regulation of OPN, we compared the hypoxic and normoxic expression of OPN mRNA and protein in NIH-3T3 cells that were manipulated to either transiently overexpress ras-V12 (NIH-3T3-ras) or stably (Figure 6a and b) . Luciferase reporter assays confirmed that the additive induction of OPN mRNA by hypoxia and ras appeared to be mediated through the RAE element in both PAP2 cells and NIH-3T3 cells that transiently overexpress ras (Figure 7a and b). Hypoxia exposure resulted in a 2.5-3.0-fold increase in luciferase activity in RAE containing promoter constructs (constructs A and D) but much less so in those without RAE or with mutant RAE constructs (p1 and Mut). Again, a small increase in luciferase activity was noted for constructs p1 and mutant, presumably due to the presence of an AP-1 site in the basal promoter contained in these constructs. As such an increase was not noted in the 2 Â RAE constructs that lacked the AP-1 site (Figure 7d ). In addition, suppression of ras activity by transient transfection of the ras-N17 dominant negative construct in NIH-3T3 cells abrogated hypoxia induction of OPN expression by luciferase reporter assay (Figure 7c ). Since the AP-1 binding site in the OPN minimal promoter plays a partial role in Ras regulation of OPN (Guo et al., 1995) , to further investigate the role of RAE on OPN regulation, we generated a 2 Â RAE construct using the pGL3 promoter vector that does not contain an AP-1 site. As shown in Figure 7d , luciferase activity from the 2 Â RAE construct was elevated by hypoxia and/or ras-v12, and was diminished by ras-N17. Such induction was not noted for the mutant 2 Â RAE construct. Thus, ras exerts a positive effect on hypoxia induction of OPN transcription through the RAE element on the OPN promoter.
Hypoxic induction of OPN is mediated via the Akt protein 
Discussion
The regulation of OPN by hypoxia and reoxygenation was first reported over a decade ago in primary cultures of renal proximal tubule epithelial (PTE) cells (Hwang et al., 1994) . Biologically, OPN signaling has been proposed to protect cells from hypoxia-and reoxygenation-induced injury (Denhardt et al., 2001a) . Hwang et al. (1994) noted that OPN expression was increased by hypoxia and reoxygenation in PTE cells in young but not aged donors. In addition, PTE cells from aged kidneys were more susceptible to cell death under hypoxic conditions than those from young kidneys, suggesting that the diminished ability of cells from old kidneys to increase OPN expression after hypoxiareoxygenation may contribute to their increased susceptibility to oxidant injury. In support of this concept, OPN null mice exhibited ischemia-induced renal dysfunction that was twice as pronounced as that observed in wild-type mice. Furthermore, the addition of OPN resulted in cytoprotection of proximal tubular cells subjected to hypoxia in in vitro studies (Noiri et al., 1999) . OPN has also been implicated to play an important role in hypoxia-induced proliferation of mesangial cells (Sodhi et al., 2000) . Overall, increased OPN expression appears to exert a survival benefit in epithelial cells exposed to hypoxia and reoxygenation and induction of OPN seems to be an adaptive response of cells to redox microenvironmental stresses to improve their chance of survival. While the role of OPN in cell The results presented in this report demonstrate that the induction of OPN was dependent on a nucleotide sequence in its 5 0 -flanking region that was previously identified as an RAE. Using activated ras-transformed NIH-3T3 cells, we found that hypoxia and ras induction of OPN was additive and was mediated through the RAE DNA sequence. Therefore, the induction of OPN by hypoxia is transcriptionally regulated by a new regulatory element.
Molecular adaptation to hypoxia usually depends on the binding of the HIF-1 transcription factor to cognate response elements in oxygen-regulated genes (Ebert and Bunn, 1998) . Although HIF-1-responsive elements appear to be necessary for transcriptional induction of many hypoxia-responsive genes, a number of different transcriptional binding sites have also been shown to be involved in hypoxic regulation of gene expression. For example, the AP-1, AP-2, SP-1, and CRE (cyclic AMP response element) binding sites together with the HIF-1-responsive element are important for hypoxic upregulation of the vascular endothelial growth factor (VEGF) (Ebert and Bunn, 1998; Pollmann et al., 2001) . The OPN promoter is responsive to many stimuli, including various forms of physical stress, cytokines, growth factors and hormones through different DNA-binding sites (Weber, 2001; Denhardt et al., 2003) . Within the OPN promoter, multiple recognition sites for transcription factors have been mapped (Weber, 2001; Denhardt et al., 2003) . Among them, the RAE is an enhancer element that conferred an increase in both OPN transcriptional activity in ras-transformed NIH-3T3 cells and metastatic potential of transformed cells (Guo et al., 1995) . In this study, functional analysis of the mouse OPN promoter in NIH-3T3 cells showed that the RAE was not only an RAE but also a hypoxiaresponsive element.
Ras activation has been reported to be synergistic with hypoxia in the regulation of other significant hypoxia regulated genes such as VEGF (Mazure et al., 1997) . Ras also represents a critical junction in the downstream transmission of signals from growth factor receptors and stress-inducing agents (Lowy and Willumsen, 1993) . Here, we show ras and hypoxia can operate in concert with each other to increase OPN expression. As activating ras mutations and hypoxia are the common features of many solid tumors, they can both lead to enhanced OPN expression in these tumors. As mentioned previously, Zhang et al. (2003) showed that overexpression of the Akt kinase could induce OPN mRNA level and the Akt-responsive promoter domain was mapped to the same region as the hypoxiaresponsive region (between base À600 and base À777). Teramoto et al. (2003) have reported that both Akt and OPN were induced when ras-V12 are stably transfected in NIH-3T3 cells. These data suggest that the Akt kinase may play a role in OPN regulation by hypoxia and ras. Our data suggest that hypoxic induction of OPN expression is mediated through RAS and the Akt kinase and the following pathway can be suggested for OPN regulation by hypoxia and ras (Figure 9 ). Briefly, hypoxia exposure and/or ras activation results in the activation of the Akt kinase, which in turn activates an unknown transcriptional factor that binds to the RAE and turns on OPN expression. In addition, our data suggest that RAS is partially downstream of hypoxia as transient inactivation of RAS activity abrogated hypoxic induction of OPN. The identity of the transcription factor(s) involved in hypoxia and ras regulation of OPN has yet to be elucidated and is a subject of active investigation in several laboratories.
In summary, we have identified a region in the OPN promoter that is important for both ras and hypoxic regulation of OPN expression. We also identified a potential pathway for hypoxia induction of OPN that involves the activation of the Akt kinase. Our results suggest the first link between ras transformation, hypoxia, Akt, and the RAE binding element.
Materials and methods
Cell lines and cell culture
Human cell lines SCC22B from University of Michigan, SCC4 and NIH-3T3 cells from ATCC, and a T24 H-ras-transformed NIH-3T3 cell line PAP2 (Guo et al., 1995) were used in this study. These cells were maintained in Dulbecco's minimal essential medium supplemented with 10% fetal bovine serum.
Hypoxia treatment
Hypoxic cultures were maintained in a hypoxia chamber (o0.2% O 2 ) (Sheldon Corp., Cornelius, OR, USA) (Hammond et al., 2002) for 0 to 24 h at 371C in humidified 95% N 2 /5% CO 2 , and normoxic cultures were maintained in 95% air/5% CO 2 for similar duration.
Real-time PCR and Northern blotting
Total RNA from cell cultures was extracted, reverse transcribed, and quantified by real-time PCR as described (Zhu et al., 2003) . Mouse OPN-specific primers were 5 0 -CTCAGAA GCAGAATCTC-3 0 (forward) and 5 0 -ATGGTCTCCATCGT CATCAT-3 0 (reverse); mouse b-actin-specific primers 5 0 -ACC GAGCGTGGCTACAGCTT-3 0 (forward) and 5 0 -TCAGGC AGCTCATAGCTCTT-3 0 (reverse) were used as controls. Quantitative RT-PCR analysis was performed with a fluorescent dye, SYBR Green, using ABI PRISM 7900 Sequence Detection System (Applied Biosystem, Foster City, CA, USA). The thermal profile was 501C for 2 min and 951C for 10 min, followed by 40 cycles of 951C for 10 s and 601C for 1 min. Data were analysed with the use of ABI PRISM 7900 Sequence Detection System Hypoxia regulation of osteopontin expression Y Zhu et al 2.0. All reactions were repeated at least 3 times to ensure reproducibility. OPN expression for each time point was first normalized to that of b-actin, whose expression was unchanged with hypoxic treatment. Hypoxic OPN levels were then expressed in relation to normoxic levels, which were arbitrarily set at 100% for ease of interpretation and comparison.
Northern blotting was carried out as described previously (Zhu et al., 1999) . Briefly, total RNA from treated and untreated cells was extracted using RNeasy Mini Kits (Qiagen, Valencia, CA, USA), according to the manufacturer's instructions. Of total RNA, 15 mg from each sample was fractionated on 1% agarose gels with 10 mM sodium phosphate pH 7.0 and transferred to Hybond-N nylon membranes (Amersham Biosciences, Piscataway, NJ, USA). Filters were stained with methylene blue and then hybridized with a probe specific for mouse OPN mRNA.
32 P-Radiolabeled mouse OPN cDNA (ATCC) was prepared using rediprime II random primer labeling system (Amersham Biosciences). The radioactive signal was detected using a Bio-Rad phosphorimaging system.
Actinomycin D chase experiments
To assess the effect of hypoxia on OPN mRNA stability, NIH-3T3 cells were exposed to normoxia or hypoxia for 16 h as described above. Actinomycin D (5 mg/ml) was added and cells were incubated for varying lengths of time, up to 6 h. To exclude the effect of reoxygenation, hypoxic cells were maintained in a hypoxic chamber until RNA extraction. Total cellular RNA was extracted at 0, 2, 4, and 6 h after the addition of actinomycin D, and Real-time RT-PCR was performed as described above. Relative levels of remaining OPN mRNA (normalized to b-actin) were reported for each time point.
Western blotting
For immunoblotting, cells were lysed in 1 Â sample buffer (2% SDS, 100 mM DTT, 60 mM Tris (pH 6.8), and 10% glycerol) and boiled for 5 min (Zhu et al., 2002a) . Protein concentrations were determined using BC protein assay (Bio-Rad, Hercules, CA, USA). In all, 15 mg protein samples were loaded on 10 or 12% sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) gels and blotted onto polyvinylidene fluoride (PVDF) membranes (Bio-Rad), which were probed with primary antibody at 41C overnight and secondary antibody at room temperature for 1 h; signals were detected by chemiluminescence (Roche, Indianapolis, IN, USA). Primary antibodies were goat anti-OPN (Santa Cruz Biotechnology, Santa Cruz, CA, USA), and mouse anti-b-actin (Sigma, St Louis, MO, USA).
